Defining how self-antigens are perceived by the immune system is pivotal to understand how tolerance is maintained under homeostatic conditions. Clinically relevant, natural autoantigens targeted by autoantibodies, in e.g. systemic lupus erythematosus (SLE), commonly have an intrinsic ability to engage not only the B cell receptor (BCR), but also a co-stimulatory pathway in B cells, such as the Toll-like receptor (TLR)-7 pathway. Here we developed a novel mouse model displaying inducible expression of a fluorescent epidermal neo-autoantigen carrying an OT-II T cell epitope, B cell antigen and associated ribonucleic acids capable of stimulating TLR-7. The neo-autoantigen was expressed in skin, but did not drain in intact form into draining lymph nodes, even after ultraviolet B (UVB)-stimulated induction of apoptosis in the basal layer. Adoptively transferred autoreactive B cells were excluded follicularly and perished at the T-B border in the spleen, preventing their recirculation and encounter with antigen peripherally. This transitional check-point was bypassed by crossing the reporter to a BCR knock-in line on a C4-deficient background. Adoptively transferred OT-II T cells homed rapidly into cutaneous lymph nodes and up-regulated CD69. Surprisingly, however, tolerance was not broken, as the T cells subsequently down-regulated activation markers and contracted. Our results highlight how sequestration of intracellular and peripheral antigen, the transitional B cell tolerance check-point and T cell regulation co-operate to maintain immunological tolerance in vivo.
Introduction
Autoimmunity ranks third on the list of most prevalent causes of morbidity and mortality in the Western world. Systemic lupus erythematosus (SLE) is considered a prototypical autoimmune disease. B cells are central players in SLE, both as drivers of disease through autoantibody production and as modulators of disease progression through the regulatory B cell (B reg ) subset [1, 2] . Pathogenic B cells are responsible for production of the hallmark anti-nucleic acid autoantibodies which, in turn, lead to immune complex deposition and subsequently organ damage and, in severe cases, organ failure. The central role for B cells is supported by the therapeutic potential of B cell-depleting treatments reported in recent years [1] . Interestingly, this paradigm extends to several other diseases, traditionally not considered B cell-driven. For example, B cell depletion and reprogramming via anti-CD22 monoclonal antibody therapy was found to reverse diabetes in non-obese diabetic (NOD) mice [3] .
Understanding how self-antigens are presented and perceived by the immune system and how tolerance is maintained under homeostatic conditions is pivotal to explain the disease processes underlying break of tolerance and development of autoimmune diseases, such as SLE. According to the danger theory, the context in which (auto)antigens are encountered directs the immunological outcome [4] . Clinically relevant, natural autoantigens targeted by autoantibodies in SLE commonly have an intrinsic ability to engage not only the B cell receptor (BCR) but also a co-stimulatory pathway in B cells, such as the Toll-like receptor (TLR)-7 [5] or TLR-9 pathways [6] . It has been suggested that autoreactivity focuses first on selfcomponents which carry TLR ligands because, uniquely, these will be able to activate B cells independently of T cells, and subsequent T-B interactions then activate autoreactive T cells, resulting in chronic autoimmunity [7] . TLR-7 has been found to be particularly relevant in the context of break of tolerance [8] .
The skin serves as a barrier to the external environment, and hosts a broad repertoire of immune cells, including Langerhans cells and several subsets of skin-resident dendritic cells (DCs) [9] . For this reason, the skin may be a central tissue in development of autoimmune responses. Application of bacterial products to intact skin can induce and augment organ-specific autoimmune disease at distant anatomical sites [10] . More recently it was found that chronic topical application of the TLR-7 agonist R848 to skin could induce systemic disease resembling SLE [11] . This raised the possibility that peripheral autoantigens in the context of a tonic danger signal can precipitate systemic autoimmunity.
Several transgenic mice expressing epidermal neoautoantigens have been generated previously to study T cell-mediated immune responses to skin-associated antigens. Despite differences in the promoter used to drive expression of the neo-autoantigen [e.g. keratin 5 (KRT5) or keratin 14 (KRT14)] or in the structure of the selfantigen expressed [e.g. membrane-bound chicken ovalbumin (mOva) or Ova peptide (Ovap)], a number of these mouse models developed inflammatory skin disease upon adoptive transfer of naive Ova peptide-specific CD8 (OT-I, H-2K b restricted) T cells for KRT5-mOva [12] , KRT14-mOva [13] , KRT14-Ovap [14] , or when crossed to the OT-I transgenic line for KRT14-Ovap [15] . Conversely, in another study using one of these models, DCs induced deletional tolerance [16] (KRT5-mOva). This finding was supported by a study reporting that an additional inflammatory signal, in that case provided by tape stripping, was required for development of inflammatory skin disease [17] (KRT14-mOva). Common to all these models was the focus on CD8 T cell-mediated mechanisms (OT-I restricted), the use of constitutive tissue-specific promotors and 'foreign' (Ova) protein neo-autoantigen.
In a different line of investigation, Kawahata and colleagues employed a nuclear localized version of Ova (nOva) expressed ubiquitously under a major histocompatibility complex (MHC) class I promotor and examined the response of adoptively transferred Ova-specific DO11.10 CD4 T cells (equivalent to the H2 b -restricted CD4 OT-II system, but for H2 d instead) [18, 19] . In that setting, low-level antigen presentation by DCs was observed to induce tolerance in the cognate CD4 T cells. A more recent study employed a doxycycline-inducible KRT5 promotor driving expression of a fusion protein linking the transferrin receptor transmembrane domain, green fluorescent protein (GFP) and amino acids 230-359 of Ova [20] . This line was crossed onto the DO11.10 T cell receptor (TCR)-transgenic background. Despite noticeable negative selection of DO11.10 T cells, doxycycline induction of transgene expression caused an acute inflammatory dermatitis. However, this dermatitis resolved spontaneously after prolonged antigen expression, a process associated with the emergence of antigen-specific T regulatory cells [20] .
Here we have generated mice harbouring a floxed-stopcassette encoding Sj€ ogren's syndrome B (SSB) protein (an autoantigen commonly targeted in SLE), coupled to blue fluorescent protein (BFP) through a linker including an OTII epitope (flox-stop-flox-BFP-OTII-SSB). This line was crossed to a driver line in which the KRT14 promotor drives expression of Cre under the control of an engineered oestrogen receptor [KRT14-Cre/oestrogen receptor (ERT)], which is unresponsive to endogenous oestrogen but activated by the synthetic molecular analogue tamoxifen. Thus, this set-up allows tamoxifen-induced expression of the neo-autoantigen in the skin. We have demonstrated previously that SSB ribonuclear complexes are the antigenic targets of knock-in B cells derived from the 564Igi mouse [21] , a well-characterized murine model of SLE generated by knock-in of the heavy (H) and kappa light (K) chain of an autoreactive B cell clone [5] . We have shown that ribonuclear complexes containing SSB are directly able to stimulate TLR-7 and induce a type-I interferon (IFN) response [22] . In heterozygous 564Igi mice carrying a single copy of the knock-in H and K chain, approximately 50% of circulating B cells express the knock-in B cell receptor and are termed idiotype-positive (Id 1 ) cells. The remaining half of the naive repertoire is idiotype-negative (Id -) due to expression of the endogenous IgH allele, receptor editing or allelic inclusion [5, 21, 23] . The mice present with high titres of immunoglobulin (Ig)G directed towards nuclearassociated antigens; however, 564Igi mice do not exhibit overt manifestations of disease until late in life. Combining the KRT14-Cre/ERT BFP-OTII-SSB reporter with the 564Igi model and OTII system thus allows for testing responses of cognate B cells and cognate T cells in the setting of a TLR-7-agonistic nuclear antigen localized to the skin.
Materials and methods

Labelled antibodies and dyes
We used commercial antibodies from BioLegend (San Diego, CA, USA): phycoerythrin-cyanin 7 (PE-Cy7) antimouse CD69, aB220-peridinin chlorophyll (PerCP)-Cy5.5, aB220-allophycocyanin (APC), aIgMb-fluorescein isothiocyanate (FITC), aIgMa-PE, aCD45.2-FITC, aCD45.2-APC, aCD45.1-FITC, aCD45.1-PE, aIgD-PB, aCD21/35 (7E9)-PB, aCD38-PE-Cy7, APC anti-mouse/human CD207 (Langerin), APC anti-mouse Ly-6G, PE anti-mouse 
Mice
All animal experiments were carried out in agreement with the institutional guidelines at Harvard Medical School, following approval of ethical protocols by the local Institutional Animal Care and Use Committee (protocol numbers IS00000095 and IS00000111) and per applicable laws and regulations. C57Bl/6J and OT-II CD45.1 mice were purchased from Jackson Laboratories (Cambridge, Bar Harbor, MA, USA) and maintained under specific pathogen-free (SPF) conditions in the animal facility at Harvard Medical School. 564Igi mice were kindly provided by T. ImmanishiKari and were similarly maintained locally. Tg(KRT14-cre/ ERT)20Efu/J mice were purchased from Jackson Laboratories and crossed to C57Bl/6J for several generations, before being crossed to BFP-OTII-SSB reporters (see below) and back-crossed to generate KRT14-Cre 1/-BFP-OTII-SSB 
Generation of BFP-OTII-SSB transgenic reporter line
The cDNA sequence encoding BFP-OTII-SSB targeting construct was assembled in Topo cloning vector and then cloned into the ai6 targeting vector [24] . The targeting vector includes 5' and 3' flanking sequences homologous with the Rosa26 locus, and expression of the fusion protein is driven by the cytomegalovirus early enhancer/chicken beta actin/rabbit beta-globin splice acceptor (CAG) promoter. To regulate expression, a STOP cassette flanked by lox P sites is included. The recombinant vector was confirmed by restriction endonuclease mapping and Sanger sequencing of the cDNA. Embryonic stem (ES) cells on a C57Bl/6 background (BRUCE 4 ES cells) [25] were transfected with the ai6 BFP-OTII-SSB targeting vector and then plated on feeder cells in neo-selection medium. Surviving colonies were picked and triplicates prepared (one master and two for screening) and expanded on 96-well plates, as described previously [26] . Genomic DNA was extracted from surviving cells and digested with HindIII restriction enzyme and separated on a 0Á7% agarose gel. Subsequently, DNA was transferred to membrane and hybridized with a 1 kb genomic DNA probe representing intron 1 of the Rosa26 locus [24] . The expected wild-type (WT) band is 4Á5 and mutant targeted allele 5Á6 Kb. Approximately 25% of screened clones were positive for the mutant band. Selected ES cells were transfected subsequently with a PhiC31-expressing plasmid to delete the phosphoglycerate kinase I (PGK) neo-marker using the flanking pair of PhiC31 recognition sites, AttB/AttP [24] . Knock-in mice were prepared as described [26] . Briefly, embryos microinjected with mutant ES cells were transferred into pseudopregnant females and germline transmission was confirmed by polymerase chain reaction (PCR) of tail DNA from the resulting offspring, which were subsequently bred to homozygosity.
Tamoxifen induction
Mice, 5-8 weeks old, were treated with tamoxifen to recombine the knock-in cassette and thereby turn on transgene expression. Tamoxifen (Sigma) was dissolved in sunflower oil to a concentration of 10 mg/ml, and 100 ml was injected intraperitoneally (i.p.) on each of four consecutive days, for a cumulative dose of 4 mg tamoxifen.
Genotyping and fluorescence activated cell sorter (FACS) typing
Genotyping was performed on tail-snips using appropriate primers and reaction conditions. For FACS typing, mice were bled retro-orbitally using heparinized capillary tubes; approximately 60-100 ml blood was drawn into Eppendorf tubes containing 30 ml acid-citrate-dextrose solution. Following collection, the stabilized blood was briefly spun down, then underlayered with 1 ml of lymphocyte separation medium and spun for 25 min, 400 g at room temperature (RT). The mononuclear cell layer was aspirated and transferred into 1 ml ice-cold FACS buffer [PBS (phosphate-buffered saline), 2% FCS, 1 mM ethylenediamine tetraacetic acid (EDTA)], mixed, then pelleted at 200 g for 5 min. Cells were resuspended in FACS buffer and processed for flow cytometric analysis as described further below. FACS typing of 564Igi mice was performed using B220, anti-IgMa, anti-IgMb and 9D11.
UVB irradiation protocol
A controlled ultraviolet B (UVB) irradiation protocol was established for localized irradiation of the ear skin. To generate a UV head-shield, the lower quarter of a 50-ml conical plastic tube was cut off, and from this piece the tip of the conical bottom was removed to allow breathing. Two slits were cut out on the curved surface, positioned approximately 70 degrees apart, to allow protrusion of the ears, and the device was wrapped in tinfoil to block light from the eyes and the rest of the head. Mice were weighed and anaesthetized by i.p. injection with xylazine-ketamine (90 : 10 mg/kg), then placed with their heads inside the UV head-shield, and either ear to be irradiated was pulled gently through the appropriate slit to allow exposure. A UVP model UVM-57 hand-held UV lamp (6 watts, 302 nm, cat. no. 95-0104-01) was bridged over the heads of the mice on two glove-boxes, and a general tool UV513AB, digital UVAB meter, with a metering range of 290-370 nm, calibration point set at 365 nm, with sensitivity of 1 mW/cm 2 -40 mW/cm 2 , was placed in the field to allow continuous monitoring and measurement of cumulative dose at the level of the ears. In preliminary experiments a range of doses were tested to arrive at an appropriate dose of 1 J/cm 2 ($two to four times the minimal erythema dose) for induction of skin erythema and robust inflammation both locally and in draining lymph nodes.
Adoptive transfers
Donor mice were euthanized by isofluorane overdose followed by cervical dislocation, and spleens were harvested into ice-cold digestion buffer [RPMI-1640 supplemented with 100 mg/ml DNAseI and 50 mg/ml Liberase DH from Roche (Basel, Switzerland)], and dissociated mechanically with forceps. Spleens were then incubated at 378C for 45 min to 1 h, and passed subsequently through a 70-mm cell strainer, followed by centrifugation at 200 g for 5 min. The supernatant was decanted and the pellet resuspended in red blood cell (RBC) lysis buffer (155 mM NH 4 Cl, 12 mM NaHCO 3 , 0Á1 mM EDTA), incubated for 2-3 min then spun down as before, washed with PBS and resuspended in FACS buffer containing a cocktail of appropriate antibodies. For untouched B cell purification, the following biotinylated antibodies from BD Biosciences was used: CD11b, CD11c, CD69, CD3E, TCRb and Ter119. For untouched purification of OT-II T cells, the following biotinylated antibodies were used: CD11b, CD11c, B220, CD8a, CD14, Gr1, NK1.1, MHC class II (IA/IE) and Ter119. Cells were incubated with staining mix on ice for 30 min, then washed, and added to streptavidin magnetic beads (Pierce, Rockford, IL, USA) in FACS buffer. After another 15-min incubation on ice, cells were again washed, then resuspended in FACS buffer and loaded on a prewetted magnetic activated cell sorting (MACS) LD column. The flow-through containing untouched purified cells was collected. Cells were either transferred immediately to recipients or labelled by incubation with 5 mM CFDA-SE [carboxyfluorescein succinimidyl ester (CFSE)] in PBS for 10 min at 378C, washed, then transferred. Recipients were anaesthetized with isofluorane and cell suspensions were injected intravenously (i.v.) through the retro-orbital sinus.
Flow cytometry
Mice were euthanized by isoflurane overdose followed by cervical dislocation. Ears were cut off, placed in an Eppendorf tube containing digestion buffer, cut into small pieces, then incubated for $45 min at 378C. After incubation, the tissue was gently dissociated with a pestle, passed through a 70-mm cell strainer and the cells were recovered by centrifugation. Spleens and lymph nodes (LNs) were harvested into ice-cold FACS buffer and dissociated mechanically using pestles in 1Á5 ml Eppendorf tubes. Samples were filtered through 70-mm cell strainers (Corning, New York, NY, USA) and spun down at $200 g for 5 min. Ear and LN samples were resuspended in FACS buffer. Spleen samples were resuspended in RBC lysis buffer, incubated for 2-3 min then spun down as before and resuspended in FACS buffer. Samples were added to wells of 96-well round-bottomed plates, spun down and resuspended in 100 ml staining mix (appropriate antibody and viability dye cocktail in FACS buffer). Staining was performed for 30 min on ice, followed by addition of 150 ml wash buffer. Plates were centrifuged subsequently 200 g for 5 min, and supernatants flicked out of the plates. For two-step staining procedures secondary staining mix was added (appropriate secondary antibody mix and viability dye in FACS buffer), and the process repeated. Following the last wash, samples were resuspended in 200 ml FACS buffer and transferred to FACS tubes. Flow cytometric analyses were performed on one of three different instruments (BD Biosciences), depending on the experiment: a four-colour, six-parameter FACSCalibur equipped with 488 nm and 633 nm lasers; a standard three lasers-configuration (405 nm, 488 nm and 633 nm) FASCSCanto2, with eight-colour and 10-parameter analytical capabilities; and a five-laser, 20-parameter FACSAria 2 SORP (lasers: 355 nm, 488 nm, 633 nm, 405 nm, 594 nm) equipped with a photomultiplier (PMT) option for forward scatter (FSC), enhanced optics and digital focusing and a 300 mW 488 nm laser from Coherent (Santa Clara, CA, USA).
Confocal imaging
Lymph nodes were cleaned of fat and placed in freshly thawed 4% paraformaldehyde (PFA) in PBS on ice for 4 h, then rinsed three times in PBS and transferred to 30% sucrose until sinking to the bottom of the tube. The nodes S. E. Degn et al.
were then placed in optimum cutting temperature (OCT) (TissueTek/Sakura Finetech USA Inc., Torrance, CA, USA) and frozen at 2808C. Freshly harvested ears or spleens were embedded in OCT and frozen immediately at 2808C. Tissue blocks were equilibrated at cutting temperature (-16 to 2208C depending on tissue type) and 10-mm thick sections were cut on a cryostat. Tissue sections were mounted on SuperFrost1 slides (Fisher Scientific) and fixed with freshly thawed 4% PFA in PBS for 5-10 min. PFA-fixed slides were incubated with Tris-buffered saline (TBS) to block residual primary amine reactivity. Slides were then rinsed with PBS and incubated with block/perm buffer (PBS, 2% FBS, 0Á1% NaN 3 and 0Á1% Triton-X100) for 30 min. This was followed by incubation with primary antibody mixture in staining buffer (PBS, 2% FBS, 0Á1% NaN 3 ) overnight at 48C. For two-step staining procedures, the slides were washed three times with PBS, 0Á01% Tween-20, then overlayed with secondary antibody mixture in staining buffer and incubated for 2 h at RT. At the end of either one-or two-step staining procedures, slides were washed once with staining buffer for 5 min, then three times for 5 min with PBS, 0Á01% Tween-20. Slides were spot-dried, then mounted in Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA, USA) and coverslipped. Imaging was performed using a Fluoview FV1000 inverted Olympus IX 81 confocal microscope, equipped with six laser lines (405, 457, 488, 515, 559, 635 nms) and four fluorescence 1 1 transmission detector (PMTs).
Image analysis
Images were quantified manually using ImageJ [27] or automatically using CellProfiler [28] . In CellProfiler, appropriate masks were generated based on signals and the mean pixel intensity was measured within each mask (see Supporting information, Fig. S2 for example).
Two-photon imaging
For two-photon imaging in live animals, mice were anaesthetized using an isoflurane vaporizer with 1Á5-2% isoflurane for the induction phase, followed by 0Á5-1% for maintenance. Adequate surgical plane of anaesthesia was verified frequently throughout the procedure by testing the pedal withdrawal reflex. Rhodamine-labelled dextran (MW 70 kDa) was injected i.v. 10 min before imaging to label blood vessels. Imaging was performed on an upright Olympus FV1200 MPE multiphoton system microscope fitted with a 20X 0.95NA Plan water-immersion objective, a MaiTai HP DeepSee Ti-Sapphire laser (Spectraphysics, Santa Clara, CA, USA) and four non-descanned detectors (two GaAsP and two regular PMTs). Fluorescence emission was collected in two channels, using 420-460 nm and 575-630 nm filters for BFP and rhodamine detection, respectively.
Statistical analyses
All statistical analyses were performed using GraphPad Prism version 6. Statistical analyses as indicated throughout the text and figure legends; P < 0Á05 between groups was considered significant.
Results
Generation of a novel RNA-associated autoantigen transgenic reporter line
To mimic experimentally the presentation of TLR-agonistic autoantigen in vivo, mice were generated, which harboured a floxed-stop-cassette encoding SSB protein coupled to BFP through a linker including an OTII epitope, i.e. floxstop-flox-BFP-OTII-SSB, knocked into the ROSA locus (Fig. 1) . This was performed by first assembling the cDNA sequence encoding mTagBFP [29] , the sequence coding for the OTII peptide [18] and the cDNA sequence for murine SSB. This construct was subsequently cloned into the Ai6 targeting vector [24] , placing it immediately downstream of the strong, constitutive CAG promotor and a loxPflanked stop cassette allowing Cre-regulated control of expression, and upstream of the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) and the bovine growth hormone polyadenylation signal (BGH-pA), stabilizing the transcript (Fig. 1a) . The Ai6 vector additionally included an AttB/AttP-flanked neo-cassette allowing selection and subsequent removal, and homology arms targeting the Rosa26 locus, a well-characterized, ubiquitously expressed locus, which permits high-level expression from an exogenous promoter. Embryonic stem (ES) cells on a C57Bl/6 background were transfected with the Ai6 BFP-OTII-SSB targeting vector, selected for neomycin resistance, and HindIII digested genomic DNA extracted from resulting selectants was analysed by Southern blot (Fig. 1b) . Selected ES cells were then transfected with PhiC31-expressing plasmid to remove the PGK neocassette via site-specific recombination of the flanking AttB/AttP sites. Embryos were microinjected with mutant ES cells and transferred into pseudo-pregnant females. Germline transmission was confirmed by PCR analysis of tail DNA from the resulting offspring (Fig. 1c) , which were subsequently bred to homozygosity.
Tamoxifen-dependent expression of the RNAassociated autoantigen reporter in keratinized skin
The novel transgenic line was crossed to a KRT14-Cre/ERT driver line [30] , allowing tamoxifen-regulated expression of Cre localized to the skin, directing specific recombination and subsequent expression of the transgene in the skin (Fig. 2a) . As expected, expression of the BFP reporter was tamoxifen-dependent (Fig. 2b,c) (Fig. 2b, left, bottom image) . The BFP signal localized to nuclei, and more specifically to nucleoli (Fig. 2d) , and was restricted to cells in the basal layer of the skin, including those associated with hair follicles (Fig. 2e and Supporting information, Fig. S1 ). Taken together, this validated the expression pattern of the KRT14 promotor, the stringency of the ERT regulator and the functional integrity of the SSB component allowing the correct subcellular localization. Expression of the BFP-OTII-SSB transgene did not give rise to any observable phenotype within 4 weeks of tamoxifen induction.
UVB-induced apoptosis in the basal layer inducing local and draining lymph node inflammation
Autoantigens targeted by autoantibodies in SLE have been found to localize to the surface of apoptotic keratinocytes [31] . To promote release of labelled autoantigen in vivo, simulating that observed in SLE patients following sun exposure, we developed a UVB-irradiation protocol (302 nm, 1 J/cm 2 ) allowing timed induction of apoptosis in the basal layer of the ear skin, as evidenced by cleaved caspase 3 positivity (Fig. 3a) . The auricular nodes, which are the proximal downstream nodes draining the ear, were found to be inflamed both macro-and microscopically, as evidenced by gross swelling and erythema at day 1 postirradiation and histologically by influx of neutrophils, defined as Ly6G 1 cells, into the medullary areas, expansion of the lymphatic endothelium defined by Lyve-1, and induction of medullary B cell clusters (Fig. 3a) . Based on image quantification using CellProfiler, there was a marked and statistically significant increase in cleaved caspase 3 staining in the basal layer at day 1 following UVB irradiation ( Fig. 3b and Supporting information, Fig. S2 ). A smaller, but significant, decrease in BFP signal was similarly observed (Fig. 3c) . We speculate that this could be due either to low-grade photobleaching or apoptosis-associated degradation of BFP protein. Concomitant with the increase in cleaved caspase 3 signal, a significant increase in Ly6G expressing cells was observed (Fig. 3d) , suggestive of inflammation-associated neutrophil infiltration [32] . Finally, a significant decrease in CD207 1 cells was observed (Fig. 3e) , in support of inflammation-associated egress of Langerhans cells [33] . Taken together, these physiological responses indicated the potential for increased immune surveillance of the neo-autoantigen.
Adoptively transferred OT-II cells home to draining lymph nodes and are activated, but B cells remain follicularly excluded in the spleen
An experiment was designed to mimic in vivo a situation in which naive autoreactive B cells emerge and enter circulation, neo-autoantigen carrying TLR-7 agonist is released in peripheral tissues, and cognate T cells are available. This was performed by turning on BFP-OTII-SSB expression in the skin, UVB irradiating the ears then co-transferring OT-II T cells and 564Igi B cells adoptively (Fig. 4a) . Mice that did not receive lymphocytes served as baseline controls. No BFP signal could be detected in draining lymph nodes, neither directly nor by development with a polyclonal antibody directed against the BFP protein (aTagRFP), which was otherwise able to detect BFP in the basal layer of the skin (Supporting information, Fig. S3 ). However, adoptively transferred OT-II T cells homed to the auricular lymph nodes (Fig. 4b) [statistically significant higher level of OT-IIs in AuLN compared to spleen, across days 1 and 3, by regular analysis of variance (ANOVA) with Sidak's posttest] and up-regulated CD69 (Fig. 4c) , suggesting that they were responding to cognate antigen. Conversely, the adoptively transferred 564Igi B cells were largely follicularly excluded in the spleen (Fig. 4d,e ), as has been described previously for B cells which become antigen-engaged when entering circulation, but fail to receive cognate T help [34, 35] . Follicularly excluded B cells have been reported to perish at the T-B border within 2-3 days of their exclusion, if they do not receive T cell help [36] . At day 3 following adoptive transfer, OT-II T cells in the auricular nodes down-regulated CD69 (Fig. 4c ) (statistically significant lower CD69 at day 3 compared to day 1, by regular twoway ANOVA with Sidak's post-test), while the number of 564Igi B cells in the spleen decreased (Fig. 4d ) (statistically significant lower number of CFSE 564Igi B cells in spleen on day 3 compared to day 1, by regular ANOVA with Sidak's post-test). Of note, the CFSE 1 cells remaining in spleen and auricular lymph nodes by day 3 were predominantly idiotype-negative, indicating that cells persisting in the spleen or making it into the periphery were probably derived from a minor contaminant of non-564Igi cells in the adoptive transfer (Supporting information, Fig. S4 ). Thus, 564Igi cells did not break follicular exclusion, and no productive response was induced.
Constitutive expression of the RNA-associated neoautoantigen does not induce hallmarks of immune activation
The question remained whether constitutive, rather than acute, presentation of the TLR-agonistic neo-autoantigen over time would cause a breakdown in tolerance. Therefore, we examined whether there was any indication of an inflammatory response or induction of adaptive response after long-term expression of BFP-SSB. To allow presence of 564Igi B cells, the transgenic reporter was crossed to the 564Igi model, resulting in KRT14-Cre/ERT BFP-OTII-SSB 564 H 1/-K 1/-mice, and mice were examined at 2 and 12 weeks post-tamoxifen induction (Fig. 5a ). BFP expression was robust and consistent between the two time-points, as ordinary two-way ANOVA indicated that Cre status was the only significant factor (P 5 0Á0015), and there was no significant difference in the level of BFP expression in Cre 1 animals at 2 and 12 weeks post-tamoxifen induction, as determined by Sidak's post-test (Fig. 5b) . Locally in the ear skin, a slight increase in Ly6G 1 (Fig. 5c ) and CD11c
1
( Fig. 5d ) cells was observed in Cre 1 mice compared to Cre -mice at the 12-week time-point. However, the only statistically significant difference (ordinary two-way ANOVA with Sidak's post-test, P 5 0Á0006) was an elevated frequency of Ly6G 1 cells in the spleens of Cre 1 versus Cre -mice (Fig. 5c) , Holm-Sidak's post-test (*P < 0Á05; **P < 0Á01). There was no statistically significant difference between the time-points for either Cre -or Cre potentially indicating increased systemic inflammation. However, the overall frequencies of B cells (Fig. 5e ) and germinal centre B cells (Fig. 5f ) remained comparable between the two groups. There were no overt signs of inflammation in the skin.
Tolerance is maintained acutely in the presence of RNA-associated autoantigen and cognate T and B cells on a permissive C4-deficient background
Even in 564Igi knock-in mice with chronic output of autoreactive B cells, the vast majority of emerging B cells are eliminated centrally and at the transitional stage [5] . We have demonstrated previously that the transitional checkpoint breaks down in the absence of C4 [21] . Therefore, we asked whether the combination of our neo-autoantigen reporter, constitutive output of autoreactive 564Igi B cells on a permissive background (C4 -/-), and the availability of cognate OT-II T cells would result in overt break of tolerance. To test this, the KRT14/Cre-ERT BFP-OTII-SSB reporter was crossed to the C4 -/-background, and subsequently to 564 H
C4
-/-mice, generating a quadruple knock-in and single knock-out transgenic line. Expression of the BFP-OTII-SSB transgene was turned on by tamoxifen administration, and purified naive OT-II T cells were subsequently transferred in, and the ears of the mice were UVB-irradiated to stimulate release of autoantigen to the downstream auricular nodes (Fig. 6a) . Stable expression of the transgene was confirmed during the time-course of the experiment, as two-way ANOVA with Sidak's post-test revealed no significant differences in the level of BFP expression of Cre 1 mice between different time-points (Fig. 6b) . In both Cre 1 and Cre -littermate controls, an approximately even distribution of adoptively transferred OT-II cells was seen between spleen, auricular, inguinal and mesenteric lymph nodes at day 1 post-transfer (Fig. 6c) . Two-way ANOVA with Dunnet's post-test, comparing each subsequent time-point to day 1 within each tissue revealed a statistically significant increase in OT-II cell presence in the auricular and inguinal lymph nodes of Cre 1 mice, but not Cre -mice. This could be caused either by redistribution to or preferential expansion in the auricular and inguinal nodes. The similar increase in auricular (downstream, draining irradiated ear) and inguinal (distal, not draining the irradiated ear) lymph nodes indicated that the homing to and/or expansion in these cutaneous draining sites was a direct consequence of constitutive neo-autoantigen expression, independent of UVB irradiation. By day 8, an apparent contraction occurred. No redistribution or expansion of OT-II cells was seen in Cre -littermate controls during the time-course of the experiment (Fig. 6c) . Already on day 1, a large fraction of the OT-II T cells localizing to the auricular and inguinal lymph nodes of Cre 1 mice were CD69 1 (Fig. 6d ). This fraction decreased by day 3, and further by day 8, indicating the back end of a response initiated before the day 1 time-point. In Cre -littermate controls, no CD69
1 OT-II T cells were observed in any of the tissues examined (Fig. 6d) , demonstrating that CD69 up-regulation was a specific induced response in the Cre 1 mice, not a pre-existing phenomenon or an artefact of the purification or transfer. Absolute, non-normalized frequencies of OT-II T cells followed the same pattern as when normalizing to the spleen (Fig. 6e) . Based on the sum of those frequencies, no change occurred in Cre -mice, whereas in Cre 1 mice there may have been a small but statistically non-significant expansion, followed by a marked and statistically significant contraction by day 8. An early expansion of OT-II T cells in skin-draining lymph nodes was supported by imaging data demonstrating massive presence of Ki67-positive OT-II T cells in the lymph nodes at day 3 (Fig. 6f) . OT-II T cells were not found locally in the ear at any of the time-points in either Cre 1 or Cre -mice.
Discussion
We have presented here a novel mouse model, KRT14-Cre/ ERT BFP-OTII-SSB, with the aim of allowing tracking of peripheral TLR-7-agonistic autoantigen and investigation of downstream immunological consequences. Expression of the BFP-OTII-SSB reporter was detectable directly in ear skin by confocal microscopy, two-photon microscopy and flow cytometry, but could not be detected directly nor indirectly by antibody, in downstream nodes or centrally. The inability to detect BFP outside the ear extended even to experiments aimed at promoting release by induction of apoptosis or after extended periods of transgene expression. However, adoptively transferred OT-II T cells were observed to home to or expand in skin-draining lymph nodes, specifically in Cre 1 mice, but not Cre -littermates, indicating immune surveillance of OT-II peptide derived from the transgene product. Importantly, this occurred irrespective of the UVB irradiation protocol, indicating that this surveillance was a constitutive, not induced, process. This finding is in line with a prior study reporting constitutive self-antigen trafficking from skin to regional lymph nodes [37] , and another study reporting that KRT14-driven expression of a single viral protein in skin epithelium was sufficient to induce lymphocyte recruitment [38] . In contrast, 564Igi B cells did not appear to see their cognate SSB antigen, due potentially to the absence of intact draining BFP-OTII-SSB protein. Although apoptotic keratinocytes have been reported to present SLE-associated autoantigens on their surface [31] , the in-situ clearance of these cells may preclude direct immune surveillance by B cells.
Tolerance was maintained in Cre 1 mice despite UVB irradiation, presence of 564Igi B cells and OT-II T cells, even on a C4-deficient background, an otherwise wellrecognized main predisposition for break-of-tolerance [21, 39] . This finding highlights the power and redundancy of tolerance mechanisms in maintenance of tissue homeostasis, at least in the short term. Perhaps the most striking observation was that adoptively transferred OT-II T cells, which homed initially to or expanded in skin-draining nodes and up-regulated CD69, by day 8 had again downregulated CD69 and had contracted substantially. This could be a result of presentation of their cognate antigen in a tolerogenic environment, as it has been found that DCs induce immunity or tolerance depending solely upon their activation status [40] . However, in the present study this explanation appears unlikely, given the established general proinflammatory environment in 564Igi mice [5] , C4-deficient mice [41, 42] , and 564Igi C4-deficient mice in particular [21] . Consequently, we speculate that it is an active dominant-negative tolerance mechanism, mediated probably by forkhead box protein 3 (FoxP3) 1 regulatory T cells (T regs ). Although we did not investigate this further, we noted the presence of a large population of Ki67 1 cells associated with the adoptively transferred OT-IIs in the lymph nodes at day 3 (see Fig. 6f ). The absence of transgene expression in the basal layer of mice which were not tamoxifen-treated (Fig. 1c) demonstrates the stringent control of Cre by the ERT. Therefore, even if KRT14 has been demonstrated previously to be an Aire-regulated gene [43] , we speculate that BFP is not expressed thymically and hence is not directly subject to central tolerance mechanisms before tamoxifen induction (although we did not evaluate this directly). Furthermore, we employed adoptive transfers of OT-II transgenic cells, bypassing the thymic tolerance checkpoint. Although thymic bone marrow-derived cells can cross-present antigen [44] , it is unclear whether extrathymic antigen can enter this pathway. Some studies have demonstrated that self-antigens from the periphery can enter the thymic medulla via the bloodstream or be imported via immigrating DCs carrying antigen [45, 46] . In our setting, where the neo-autoantigen is not even detectable in the downstream draining lymph node, this seems unlikely. A recent study found that ubiquitously expressed nuclear neo-self-antigen Ova was presented efficiently via MHC class II by both medullary thymic epithelial cells (mTECs) and thymic DCs; however, presentation by DCs was highly dependent upon antigen expression by TECs, and haematopoietic cells did not substitute for this antigen source [47] . Even so, our data suggest that a dynamic peripheral tolerance induction occurs in the presented setting, either through regulatory T cell activity derived from the endogenous repertoire or by a direct effect on adoptively transferred OT-II T cells.
Overall, our results are in line with those of Kawahata and colleagues [19] , whereby low-level antigen presentation by DCs induced tolerance of adoptively transferred DO11.10 CD4 T cells. However, it was surprising that expression of a skin-localized neo-autoantigen carrying associated RNA in the context of low-grade inflammation elicited by UVB irradiation, and in the presence of adoptively transferred cognate T cells, in an environment in which cognate B cells are already present, fails to elicit an overt break-of-tolerance. Nonetheless, we did not see any skin inflammation, nor hallmarks of a productive response centrally, despite evidence that the T cells were seeing their cognate peptide in the skin-draining lymph nodes. This functional tolerance induction may be explained as a consequence of the in-situ clearance of apoptotic keratinocytes and drainage only of heavily degraded antigens derived from this source, as evidenced by absence of both BFP signal and aTagRFP amplified signal. We hypothesize that B cells never encounter their native antigen in the draining lymph nodes, and hence are neither activated by antigen binding nor associated TLR ligands, and never become capable of presenting peptide to OT-II T cells. Similarly, DCs or Langerhans cells presenting OT-II peptide in the skin-draining lymph nodes may have taken up only antigen degraded to a degree where the RNA component is no longer sufficiently intact to drive their maturation, and hence the peptide is presented in a nonimmunogenic context. Thus, the subtle immunostimulatory action of endogenous ribonuclear complexes and mild UVB irradiation appear insufficient to tip the scales in favour of immunogenicity and do not elicit overt autoimmunity in this model.
One aspect, which has not been investigated at this point, is the potential role of B regulatory cells in dampening inflammation in the model. As mentioned in the Introduction, B regs have emerged in recent years as key players in immunomodulation and suppression of immune responses in connection with autoimmune diseases. This includes both B cell-centric diseases such as SLE [1] and, perhaps more surprisingly, autoimmune disorders typically considered T cell-mediated, such as type I diabetes [2] . These effects are probably accomplished through the production of IL-10, transforming growth factor (TGF)-b and IL-35, whereby B regs can both suppress differentiation of proinflammatory lymphocytes and induce differentiation of immunosuppressive T cell subsets [48] . Future studies should address this important question in the context of the novel model presented here.
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Additional Supporting information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Two-photon microscopy of hair follicles in skin of KRT14-Cre/ERT blue fluorescent protein-OTII epitope-Sj€ ogren's syndrome B protein (BFP-OTII-SSB) reporters. Two-photon intravital imaging of BFP1 basal layer cells and vasculature of hair follicles. Z-projection of stacks from 50-70 mm depth below the epidermal surface, showing hair follicles with central shaft (blue autofluorescence, indicated by white annulus) surrounded by basal layer cells with BFP-positive nuclei (blue). The vasculature supplying the hair follicle has been labelled by injection of rhodamine-dextran (red). In the top image, autofluorescence arising from overlying epidermis can be seen in purple. Scale bars indicated. 
